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ABSTRACT 
 
A system of 3 tidal intrusion fronts persists in a small area off Newport News Point during the early 
phase of flood tide in the lower James River Estuary, one of the tributaries of the Chesapeake Bay.  
The two smaller fronts result from the existing flows over the flats that plunge into the deep channel 
at the western end of Newport News Point and the deep basin to the southwest, respectively.  The 
third front results from the advancing flood current along Newport News Channel. The frontal 
system moves from east to west during early flood in an area approximately 3 km wide just south of 
Newport News Point. To simulate the frontal system, a numerical model using a high-resolution grid 
is required. In this study, we used the Unstructured Tidal, Residual Intertidal, and Mudflat 
(UnTRIM) model to simulate the frontal system. A high-resolution unstructured grid was used over 
the region of the frontal system and coarser grid cells were used in other areas. Model results show 
that this unstructured grid model can simulate the stratification-destratification processes in the 
estuary, which play an important role in the variation of the strength of the frontal system.  The 
model successfully simulates the circulation pattern of the estuary and the evolution of frontal 
systems. The results demonstrate that the unstructured grid model is capable of simulating such 
small-scale estuary frontal systems.  
 
 
1. INTRODUCTION 
 
A system of 3 tidal intrusion fronts persists in a small area off Newport News Point during the early 
phase of flood tide in the lower James River Estuary, one of the tributaries of the Chesapeake Bay 
(Kuo et al., 1990; Brubaker and Simpson, 1999).  It is believed that the frontal system has a 
significant impact on the retention of both oyster and hard clam larvae. The frontal system consists 
of three segments in the Hampton Flats (Kuo et al., 1990; Shen and Kuo, 1999) (Figures 1 and 2a). 
The frontal system moves from east to west during early flood in an area about 3 km wide just south 
of Newport News Point.  The two smaller fronts result from the existing flows over the flats that 
plunge into the deep channel at the western end of Newport News Point and the deep basin to the 
southwest, respectively.  The third front results from the advancing flood current along Newport 
News Channel. In previous numerical modeling studies, a model using a structured curvilinear grid, 
with grid resolution of 370×370 m, successfully simulated the front plunging into the deep western 
channel (Front II).  This front is enhanced by a steep bottom slope and stabilizes along the 9-m 
isobath (see Figure 2b). However, the model was unable to simulate the other two fronts, 
presumably due to the model grid resolution, which is too coarse to represent shoreline geometry 
and bathymetry of the estuary to this accuracy. It was recognized that a much finer grid resolution is 
needed to simulate these fronts accurately. The requirement of using a fine-resolution model grid 
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poses a limitation on using a numerical model to simulate such small-scale frontal systems within a 
large estuarine system. However, the recently developed Unstructured Tidal, Residual Intertidal, and 
Mudflat model (UnTRIM) (Casulli and Walters, 2000) proves to be a good tool to conduct such 
simulations.  Because the UnTRIM model uses an unstructured grid and is not restricted by the 
Courant-Friedrichs-Levy (CFL) condition, it is feasible to represent the geometry with high 
resolution. The non-hydrostatic capability of the model allows us to investigate the underlying 
dynamics for frontal development. The purpose of this study is to investigate the feasibility of using 
the UnTRIM model to simulate the frontal system in the James River. 
 
 
Figure 1. Location of the James River. 
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Figure 2a. Location of the frontal system. 
 
 
 
Figure 2b. Bathymetry near the mouth of the James River. 
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2. METHODS 
 
2.1 Model Description 
 
The Unstructured Tidal, Residual Intertidal, and Mudflat model (UnTRIM) is used in this study. The 
UnTRIM model is a general three-dimensional model capable of simulating both 2-dimensional 
(vertically averaged) and 3-dimensional hydrodynamics and transport processes.  The model uses a 
combined finite difference and finite volume scheme.  It uses an orthogonal, unstructured grid with 
mixed triangular and quadrilateral grid cells, which utilizes better fitting boundaries and local grid 
refinements to meet the needs of resolving the spatial resolution in numerical modeling tasks.  A 
modeling domain is represented by a set of non-overlapping convex polygons.  Each side of a 
polygon is either a boundary line or a side of an adjacent polygon.  It is assumed that a center point 
exists in each polygon such that the segment joining the centers of two adjacent polygons and the 
side shared by the two polygons have a nonempty intersection and are orthogonal to each other.  The 
z-grid is used in the vertical.  To relax the CFL condition, the Eulerian-Lagrangian transport scheme 
is used to treat the convective terms.  A semi-implicit finite-difference method of solution was 
implemented in the model (Casulli, 1999).  The terms that affect the numerical stability are treated 
implicitly, and the remaining terms are treated explicitly, which has proven to be computationally 
efficient (Cheng and Casulli, 2002).  With the use of an Eulerian-Lagrangian transport scheme, the 
model is not restricted by the CFL condition. Therefore, very fine model grids can be used to 
represent the model domain without reducing computational efficiency.  
 
Figure 3. Modeling area and model grid. 
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2.2 Model Grid  
 
In order to better simulate the frontal system, an unstructured model grid was generated with high 
resolution placed in the frontal area and coarse resolution in remaining areas. Figure 3 shows the 
modeling area and the model grid. The element sizes vary from 50 m near Newport News Point to 
350 m near the southern bank of the James River. The model grid has a total of 6,246 elements. In 
order to make the grids orthogonal, the grid preprocessor JANET was used to revise the grid 
(Lippert, 2001). 
 
 
2.3    Model Setup 
 
The model was forced by tide at the mouth. A flow rate for long-term mean freshwater of 220 m3s-1 
was discharged into the headwaters of the river. The Mellor-Yamada turbulence closure scheme was 
implemented in the UnTRIM model. Mean salinities of 23 ppt and 26 ppt were used at the surface 
and bottom, respectively, for the boundary condition. The salinity between the surface and the 
bottom is linearly interpolated. The vertical layer thickness is 1 m with a maximum of 22 vertical 
layers.   
 
 
3. MODEL RESULTS 
 
3.1 Salinity Distribution 
 
The James River is a partially mixed estuary (Pritchard, 1952). One of the characteristics of the river 
is the stratification and destratification modulated by spring-neap tidal cycles. The estuary is more 
vertically mixed during spring tide and becomes more stratified during neap tide. The change of 
stratification not only influences the residual current distributions, but also alters the horizontal flow 
field and residence time near the mouth (Shen et al., 1999; Shen and Jin, 2006). Figure 4a shows the 
modeled salinity distribution during spring and neap tides forced at the mouth by the main tidal 
constituents (M2, S2, N2, K1, O1, M4, and M6). The longitudinal section is shown in Figure 1. 
Compared to spring-neap stratification patterns of previous model results simulated by the 
Environmental Fluid Dynamic Code (EFDC) model shown in Figure 4b (note that the section is  not 
exactly same as current one), it can be seen that the model simulates the characteristic stratification 
patterns of the estuary.  
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Figure 4a. The UnTRIM model simulated salinity distribution along the main channel of the 
river (upper panel shows result during spring tide and lower panel shows result during neap 
tide). 
 
 
 
 
Figure 4b. The EFDC model simulated salinity distribution along the longitude of the river 
(upper panel shows result during spring tide and lower panel shows result during neap tide). 
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3.2. Circulation 
 
The shoreline has a 90-degree bend near Newport News Point. A horizontal eddy resulting from the 
geometry of the lower James exists persistently in the lower James near the mouth. Figure 5 shows 
the instantaneous surface current distribution in the lower James under the mean tide condition. The 
tidal range for the model simulation is approximately 0.75 m at Sewells Point (Figure 1), which is 
close to the mean tidal range of 0.74 m at that station.  It can be seen that a horizontal eddy is 
developed at the beginning of flood tide and lasts approximately 2 hours. There is a clear phase 
difference between the northern shallow area and the deep channel. The phase at the shoals leads 
that in the channel, resulting from differential friction due to the depth contrast between the deep 
channel and the shoals (Kuo et al., 1990; Shen and Kuo, 1990). A portion of ebb flow turns 
northward.  As flooding commences in the northern part of the river, a strong current developed on 
the shoals converts to ebb flow near the tip of the shoreline near Newport News Point. It can be seen 
that there is a clear horizontal salinity gradient between the shoals and the deep channel with higher 
salinity in the shallow area and lower salinity in the channel. A front with saltier water moves 
upstream with the advancing flood current along Newport News Channel.  
 
 
 
 
Figure 5. Instantaneous surface current and salinity distributions during the 2-hour frontal  
formation period (arrows are velocity vectors and color represents salinity). 
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3.4. Velocity profile 
 
Figure 6 shows the instantaneous vertical velocity across the second frontal system in the 
SW-NE direction as section A-A’ (see Fig. 2).  It shows strong current convergence and a 
salinity gradient near Newport News Point resulting from the frontal development. The 
denser, saltier water from the shoals dives into the deep channel. The flow exiting in the 
shallow area approaches Newport New Channel from the NE-SW direction.  Because of the 
sudden decrease of bottom elevation, the gravitational effect is enhanced and the frontal 
location is stabilized, conditions under which the diving of denser water at a fixed location is 
possible (Kuo et al., 1990). Model results show that the model can simulate this front with a 
grid resolution of from 50 m to120 m.  
 
 
 
 
 
Figure 6. Instantaneous salinity and vertical velocity distribution across Front II in the SW-NE 
direction (arrows are velocity vectors and color represents salinity. Dark blue represents high 
salinity concentration and light blue represents low salinity.) 
 
3.5 Larval dispersions 
 
The frontal system plays an important role in the transport and retention of shellfish larvae in the 
James River (Byrne et al., 1987; Mann, 1988). A model experiment was conducted to simulate the 
release of shellfish larvae from the shallow area. For this experiment, the model was forced by a 
mean M2 tide with amplitude of 0.38 m.  The location is one of the sites for a proposed adult clam 
sanctuary, which is shown in Figure 8.  Larvae are treated as neutrally buoyant and released from 
the bottom for one hour at the beginning of the flood tide. Figure 7 shows the larval distribution in 
the deep channel along the shoreline oriented NW-SE upstream of the 90-degree bending at 
Newport New Point. The section is shown in Figure 2a (BB’). It can be seen that larvae are 
transported into the deep water as denser water dives into the channel and is transported upstream. 
The maximum concentration is located in the middle of the channel at a depth of approximately 8 m. 
These results compare well with earlier dye release experiments (Kuo et al., 1988, Shen and Kuo 
1999), and suggest that the model can reproduce the characteristics of the field dye study and 
properly simulate the larval transport along the deep channel.  
3:57 4:27
4:57 5:27
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In general, the larval organisms will increase their density as they grow. Over a period of 
approximately 12-14 days, the larval organisms will increase their density to the point where they 
are no longer neutrally buoyant and must sink to the bottom to begin a benthic life state if bed 
conditions are favorable.  Historical data show that there is a seed oyster bed located about 45 km 
from the mouth downstream of the limits of salinity intrusion (Figure 8).  It is interesting to see how 
long it requires for larvae to travel upstream.  For this study, we use age of dye to represent the 
mean transport time for the larval organisms.  For this experiment, the model was forced by seven 
tidal constituents, namely M2, S2, K1, O1, N2, M4, and M6, to represent the spring-neap tidal 
variation.  The larvae were released continuously at the bottom over the shallow area, as shown in 
Figure 8.  The age of dye is calculated as follows (Delhez et al., 1999; Shen and Haas, 2004):  
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∂ rrr tcKtuc
t
tc          (1) 
)x,())x,()x,(()x,( rrr
r
tctKtu
t
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∂ ααα         (2) 
where c is the tracer concentration (ML-3), α is the age concentration [TML-3], u is the velocity field 
[LT-1], K is the diffusivity tensor,  t is time, and xr is distance.  The mean age “ a ” [T] then can be 
calculated as follows: 
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rr
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tta α=            (3) 
 
Equations 1 through 3 were used to compute the age of dye. The open boundary condition for dye is 
set to zero, assuming that no larvae that are transported out of the estuary will return to the estuary.  
The model was run for 2 months. Age during the last 29 days was averaged to compute the mean 
age. Figure 8 (left panel) shows the mean age of dye in days.  This suggests that the mean travel 
time is approximately a month to reach the seed oyster bed where the larval sanctuary is located. It 
appears the mean travel time is longer than the larval growth period. Since the mean travel time 
represents the overall mass movement, it appears that it may not be a good indicator for larval 
movement. Because of the strong dispersion in the estuary, some larval can arrive at an area much 
earlier, while others can reach the same place much later.  An alternate way to examine the travel 
time is to track the peak concentrations following the larval release. 
 
One experiment with instantaneous larval release of 4×1011 was also conducted. Figure 8 (right 
panel) shows the time corresponding to the peak concentration of the larvae released at the 
beginning of flood time. It can be seen that larvae can travel much more rapidly towards the 
upstream and it takes approximately 14 days to reach the seed oyster bed area. Figure 9 shows the 
distribution of vertically averaged concentrations at day 14 and day 30, respectively. It can be seen 
that the larval concentration decreases between day 14 and 30 near the seed oyster bed, but large 
portion of larval can stay inside the estuary. 
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Figure 7.  Instantaneous dye concentration and vertical velocity distribution along the deep 
channel near the NW-SE shoreline (Color represents dye concentration, green represents high 
concentration and red represents zero concentration, arrows are velocity vectors. Location is 
shown in Fig. 2). 
 
 
Figure 8. Contours of age of dye released at the bottom and travel time corresponding to an 
instantaneous release of larvae (a is age of dye (day), b is travel time (day) corresponding to 
peak concentration). 
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Figure 9. Contours of vertically averaged larval concentrations at days 14 and 30.  
 
 
 
4.  SUMMARY 
 
Model simulation of a small-scale estuarine frontal system was conducted to examine the 
performance of the unstructured grid model. Some preliminary model results have been presented. 
The model experiment shows that the model can simulate the stratification-destratification pattern of 
the estuary and formations of both horizontal eddy and frontal systems in the James River. With the 
use of a unstructured model, the small-scale frontal system can be simulated with locally refined 
grids. The model was used to estimate travel time for larvae released in the shallow area near the 
mouth. The preliminary model results agree with the characteristics of the larval dispersion in the 
estuary. The larvae will be transported to the historical seed oyster bed within 14 days. This period 
coincides with the shellfish larval growth period after which these larvae are no longer neutrally 
buoyant and must settle down. The model experiments demonstrate that the UnTRIM model is 
capable of simulating small-scale frontal system development and it is useful for the study of 
shellfish larval dispersion in the estuary. 
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